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ABSTRACT

This document supplements a briefing on Uncertainties in the Prediction of High-

Altitude Nuclear Effects. The intended audience consists of the SDS architects and

engagement modelers who have to consider the nuclear (and other) environment but are
under very severe constraints regarding computer running time so that very fast-running

and thus simple models of atmospheric environment have been used. This material is a
tutorial, intended to give the audience a physical feeling of the nature of the natural and

nuclear endoenvironment (i.e., environments and heights of burst in the 0-100-kmn altitude
range), pointing out the changes in nuclear phenomenology at different altitudes and the

large variabilities in the natural atmosphere, including effects of turbulence, clouds, and
rain. The factors to be considered for SDS modeling depend on the threat scenario under

consideration, such as the number, altitude and yield of the nuclear bursts, and the nature

of sensors under consideration (IR, UV/VIS, MMW; spectral and spatial resolution;
sensitivity; active vs. passive sensors).
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SUMMARY

This document supplements a briefing on Uncertainties in the Prediction of High-

Altitude Nuclear Effects (Bauer, 1990). The intended audience consists of the SDS

architects and engagement modelers who have to consider the nuclear (and other)

environment but are under very severe constraints regarding computer running time so that

very fast-running and simple models of atmospheric environments have been used. This

material is tutorial in nature, intended to give the audience a physical feeling of the nuclear

endoenvironment,1 pointing out the large effects that natural variabilities in the unperturbed

lower atmosphere can produce.

Table S- I outlines the problems that are discussed here. We begin by reviewing the

different nuclear phenomenology domains between sea level and 100-km altitude including

nuclear-induced dust. Then we review ambient atmospheric variability in general,

incluiing effects of turbulence, clouds, and rain. All these phenomena can make

significant differences in the environment for both sensing and survivability. The effects of

atmospheric variability can be significant, especially for the very sensitive modem electro-

optical surveillance systems. The factors to be considered for SDS modeling depend on the

threat scenario under consideration, such as the number,2 altitude, and yield of the nuclear

bursts, and the nature of sensors under consideration (IR, UV/VIS, MMW; spectral and

spatial resolution; sensitivity; active vs. passive sensors).

The environmental description in an engagement model may be severely constrained

by computer capability, and the threat scenario will serve to define a computer model that

makes an optimum tradeoff between the fidelity of the model and the running time it

requires.

The notation regarding altitude ranges for nuclear bursts is nonstandard and confusing. Bursts below

about 10 km are customarily described as low-altitude bursts, with the term "near-surface" frequently
implying that dust is lofted and possibly a crater is produced. Bursts below 100 km are generally
described as endoatmospheric, while those above 100 km are generally described as exoatmospheric.
Note however that in Section 2.2 (see Table 3 and Figs. 4 through 6) we use the terms "low."
"intermediate," and "high" to refer to bursts at 30, 70, and 150 km. respectively.

2 Nuclear multibursts are considered improbable in current (6/92) scenarios, and thus are not discussed
here.
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Table S-1. Summary of the Problems Discussed

Atmospheric density decreases by a factor 106 in going from the surface to 100 km

Significant changes in nuclear (and natural) phenomenology over this range in

altitudes/densities

In the endo-atmosphere the ambient density is relatively high, so that nuclear fireballs are
confined to 1-10 km

- Lots of data for near-surface bursts

- Some data on bursts between 10 and 100 km

Natural atmosphere varies significantly

- Weather in troposphere (below - 10 km)

- Clouds occur roughly half the time

- Precipitation (rain or snow) occurs maybe 3% of the time

- Wind and turbulence

- Smoke

In contrast to the high-altitude environment, where the atmospheric density is so

low that the effects of a single nuclear burst extend over hundreds or thousands of

kilometers, below 100 km the ambient atmospheric density is relatively high, so that an

individual nuclear fireball is confined to a region of I-10 km in extent, while damage radii

extend some tens of km.

Because the ambient atmospheric density varies by a factor of 106 between sea level

and 100-km altitude, the nuclear phenomenology varies significantly with height. Further,

while we have significant data on just two bursts above 100 kin, there are test data on six

bursts between 20 and 95 km and on perhaps 100 bursts below 10 kIn. Thus the data base

for near-surface bursts is good, while for bursts at altitudes of 10-100 km there is

significantly more test data than for bursts above 100 km.

Typically clouds are present half the time, it rains some 3-5 percent of the time, and

tracer cloud-spreading rates (which reflect on underlying atmospheric turbulence) may vary

by several orders of magnitude. It is important to be aware of these factors, so that the
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computer engagement model will appropriately balance the needs for model fidelity and

computation time.

Figure S-1 provides a general orientation on how the different elements of

phenomenology fit together as a function of altitude (or density, as parameterized by the

gas-kinetic mean free path). This figure contains a great deal of information and is

discussed in more detail in the text.

Altitude Mean free path Phenomenology Bomb Energy Nuclear Test

(kin) (m) H Data

100 0.16 mainly X-rays 2

70 9.3 x 10-4 Fireball has sharp edges ---

below this altitude neutronsand 's
important here

50 7.9 x 10- 5  mainly thermalI 6
30 4.4 x 10-6

15 4.2 x 107 7 Re-entry Peak Heating N/
WEATHER Clouds, rain mainly blast ----------

SURFACE

Figure S-1. Phenomenology In the Lowest 100 km of the Earth's Atmosphere
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1.0 INTRODUCTION

This document supplements a briefing on Uncertainties in the Prediction of High-

Altitude Nuclear Effects (Bauer, 1990). The intended audience consists of the SDS

architects and engagement modelers who have to consider the nuclear (and other)

environment but are under very severe constraints regarding computer running time so that

very fast-running and thus simple models of atmospheric environments have to be used.

Thus this material is intended to give the audience a physical feeling of the nature of

the natural and nuclear endoenvironment (i.e., environments and heights of burst in the

0-100-km altitude range); it is noted that large atmospheric variabilities occur, so that the

computer engagement model chosen will appropriately balance the needs for model fidelity

and computation time.

In contrast to the high-altitude environment, where the atmospheric density is so

low that the effects of a single nuclear burst extend over hundreds of kilometers, below

100 km the ambient atmospheric density is relatively high, so that an individual nuclear

fireball is confined to 1-10 km and damage radii extend some tens of kilometers.

However, electro-optical sensors viewing through the atmosphere are affected not just by
nuclear fireballs but also by variable effects of the high-density lower ambient atmosphere,

such as clouds, rain, smoke, or dust clouds.

Because the ambient atmospheric density varies by a factor of 106 between sea level

and 100-km altitude, the nuclear phenomenology varies significantly with height. Further,

while we have significant data on just two bursts above 100 km, there are test data on six

bursts between 20 and 95 km and on perhaps 100 bursts below 10 kin, so that the data

base is very much better than in the exoatmospheric environment.

We begin by reviewing the different nuclear phenomenology domains between sea

level and 100-kmn altitude and then discuss (nuclear-induced) dust, atmospheric variability

in general, clouds, and rain.

Figure 1 sketches some variability in the lowest 100 km of the earth's atmosphere.

It contains a great deal of information and requires detailed examination. Beginning at the

left hand side, we give an altitude scale and show the gas-kinetic mean free path



gk = I/ n O~gk (

where n = particle number density which ranges from 2.5 x 1025 particles/m 3 at sea level to

I X 1019 particles/m 3 at 100 km, and 0gk - 6 x 10-15 cm 2 is the gas-kinetic mean collision

cross-section of an air molecule. Thus lgk varies from 0.07 g.tm at sea level to 20 cm at

100 km.

Re-entering missiles first interact with air molecules near 100 km, where the gas

kinetic mean free path lgk is of the order of missile dimensions. The peak hearing of a

typical high-performance ICBM occurs between 15 and 25 km.

Altitude Mean free path Phenomenology Bomb Energy Nuclear Test
(km) (m) II Data

100 0.16 mainlylX-,ays 2 -

70 9.3 x 10-4 Firebali has sharp edges

below this altitude neutrons and Ys
important here

50 7.9 x 10-5 mainly thermal 1

30 4.4 x 10-6

15 4.2x10 7  Re-entry Peak Heating 1

8 WEATHER Clouds, rain mainly blast i---

SURFACE

Figure 1. Phenomenology In the Lowest 100 km of the Earth's Atmosphere

The weather (i.e., clouds and rain) is confined to the troposphere, roughly the
lowest 10 km of the atmosphere. Most dust and smoke and a large fraction of the blast

effects are confined to this region, which contains approximately 75 percent c( the mass of

the earth's atmosphere.

A nuclear fireball for a high-yield burst is formed below 70-80 kmn; Table I shows

that bomb X-rays (which account for roughly 75 percent of the bomb's energy) are
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typically transmitted in the atmosphere only above these altitudes since there isn't enough

atmospheric mass at higher altitudes.

Table 1. Transmission of X-Rays, Neutrons, and Gamma Rays In the Atmosphere

Transmission through 10-kmn horizontal path

Air X-rays

Altitude Density 1 MeV 1 MeV
(km) (kg/tn3) 1 keV 3 keV 10 keV neutrons gamma rays

0 1.23 0 0 0 0 0

10 0.41 0 0 0 2x10- 18  4x10- 11

20 0.089 0 0 0 1 x 10- 4  5.5 x 10-3

30 0.018 0 0 0 0.17 0.72

40 0.0040 0 0 6.1 x 10-6 0.67 0.79

50 0.0010 0 0 0.0030 0.90 0.94

60 3.1 x 10-4 0 1 x 10-23 0.30 0.97 0.98

70 8.8x 10-5 0 3x 10-7 0.77 0.99 1.00

80 2.0 x 10-5 0 0.03 0.93 1.00 1.00

90 3.2 x 10- 6  3 x 10- 6  0.58 0.99 1.00 1.00

100 5.0 x 10- 7  0.14 0.92 1.00 1.00 1.00

Extinction Coefficient is: (4000 (170 (3.5 (0.0.7 (0.1
c=2/g) cm 2/g) cm2/g) crnr/g) cm 2/g)

In Figure 1 we also show how the bomb energy is carried.1 Above 80 km it is

mainly transported by X-rays. Below 70 km most of the energy is carried as thermal

energy of the fireball, while below - 20 km, where the air density is much greater than at

higher altitudes, blast and shock become most important as a damage mechanism. Note

that while neutrons and gamma rays account only for a small fraction of the bomb energy,

yet they are important as a kill mechanism in the 50-70 km altitude range.

I For more detail, see Section 2.1.
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Referring back to Figure 1, there are lots of test data for heights of burst (HOB)

below - 10 kin, some data from 20-90 km, and very few data above 95 km, so that with

increasing altitude the phenomenology depends increasingly on analysis rather than on test

data.

Table 1 shows the atmospheric transmission through a horizontal (constant density)

10-km path for 1, 3, and 10 keV X-rays, and for I MeV neutrons and gamma rays, at

altitudes below 100 km. We see that X-rays are absorbed between 40 km (10 keV) and

90 km (1 keV), while the neutrons and gamma rays are absorbed between 20 and 30 kmn.

In an atmosphere at constant temperature T, the density p(z) falls off with

increasing altitude z as

p(z) = p(zo) exp - (z - Zo)/H (2)

where the atmospheric scale height H is given by the expression H = kT/Mg.

Representative values for H are 7 km at altitudes below 100 km where the temperature is

- 200-250 K; above 200 km altitude, where T - 700-1500 K and the atomic oxygen is

dissociated so that the effective molecular weight is typically 18 (rather than 29), H lies in

the range 30 - 70 km.

In Section 2 we give a brief overview of the nuclear endo-atmospheric 0

environment, pointing out the differences in phenomenology associated with the large

difference in density (factor 106) between sea level and 100-kmn altitude. This is followed

in Section 3 by a survey of variable aspects of the natural environment (mainly in the dense

lower atmosphere), noting that clouds (which occur frequently) can totally obscure electro- 0

optical sensors, as can rain, dust clouds, and smoke from fires.

4



2.0 NUCLEAR PHENOMENOLOGY BELOW 100 km

2.1 INTRODUCTION

There exist significant data on eight U.S. nuclear explosions between heights of

burst of 20 and 400 km (two above 100 km, 6 between 20 and 95 kin), as opposed to more

than 100 between the surface and 5-10 km. Th."i the low-altitude data base is very much
better than that at high altitudes, and the warnings of uncertainty in the high-altitude data

base given in Bauer, 1990, are not so critical here. However:

(a) As is pointed out in Figure 1 (above), the density falls off by a factor of 106

between the surface and 100 kin, and thus there are significant variations in
phenomenology throughout the region in which there is a significant
atmosphere.

(b) Because all atmospheric nuclear tests were conducted in 1962 and earlier, the
caveats about the lack of UV and LWIR data given in Bauer, 1990, still apply,
but they tend not to be so serious because of the higher density of the
atmosphere in which most of the UV and IR radiation are absorbed. Thus the
atmosphere tends to radiate and absorb as a black body, so that the details of
the radiating atomic and molecular species are normally not as critical as at
higher altitudes where the spectral variation in atomic and molecular radiation is
critical.

Much of the energy of a bomb is emitted initially as 1-10 keV X-radiation, which is

absorbed in < 10 km of atmosphere at altitudes below 70-90 kIn (see Table 1). A fireball is
produced at the relatively high densities corresponding to altitudes below 70-90 km by the

energy emitted from the bomb--both X-ray energy (about 75 percent of the total energy)
and bomb debris (20-25 percent of the total energy). The dimension of this fireball is of
order 1 km for I Mt yield. At very low altitudes much of the fireball energy is dissipated

by strong blast/shock effects, with the balance emitted as thermal radiation. If the burst is

sufficiently close to the surface a large dust cloud is produced.

A small fraction of the energy of a bomb is emitted as nuclear radiation. The

neutrons and gamma rays--while they may account for only 0.1-1 percent of the total

energy of the detonation--can have very significant effects (especially on sensors,

electronics, etc.) because they penetrate the atmosphere very effectively. As is indicated in
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Table 1, 1 Mev neutrons are absorbed within a few kilometers in the atmosphere only

below 30 kim, and I Mev gamma rays are absorbed in the atmosphere only below 25 kin.

For orientation, Table 2 gives a schematic partition of the energy yield from a

nuclear weapon between X-rays, nuclear radiations, blast/shock, and thermal as a function

of burst height. X-rays are absorbed below about 80 km while neutrons and gamma rays

penetrate much farther down. Thermal energy is produced both from the fireball and from

the absorption of bomb debris ( which carries some 20-25 percent of the total bomb yield) -

at altitudes above - 80 km. Blast/shock is very important near sea level, but falls off as the

pressure decreases with increasing altitude.

Table 2. Partition of Energy from a High-Yield Nuclear Explosion
as a Function of Altitude 1

Altitude Pressure ratio Nuclear
(kim) (P/Po) X-rays Radiation 2  Thermal Blast/Shock

> 80 < 1E-5 0.75 0.03 0.2 -

60 2E-4 0.2 0.03 0.6 0.15

40 3E-3 - 0.03 0.65 0.35

20 0.06 - - 0.45 0.55

0 1.0 - 0.35 0.65

Some 25 percent of the energy of a bomb is carried as kinetic energy of the bomb debris which is
absorbed much more readily than even soft X-rays. so that it is mostly absorbed above 80 km. In fact.
the atmospheric effects of a high-altitude nuclear explosion are due largely to the absorption of this
relatively small fraction of the energy, since most of the rest of the bomb's energy escapes, with the
exception of the downward-traveling X-rays which are absorbed by the air below the detonation point.

2 The penetration refers only to the most penetrating nuclear radiations, neutrons and gamma rays, which
make up a small fraction of the total energy yield. The partition fraction "0.03' may be an over-estimate
for neutrons and gamma rays; there is also a significant contribution due to energetic beta particles
which are confined by the earth's magnetic field.

Figure 2 demonstrates how the effects of the different components of the bomb S

output change with altitude, by showing the effects radius due to each individual

component:

* Blast/shock predominates near the ground.

- Thermal effects predominate from 20 to 60 km, but remain significant above •

100 kIn.

In the 50-70 km altitude range neutrons (and also gamma rays) can be very
important as a damage mechanism because electronics, optical focal planes,

etc., are exceedingly sensitive to these nuclear radiations. 0
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The hardness/vulnerability levels assumed are the following:

a 10 cal/cm2 for X-rays

& 1013 neutrons/cm 2

0 50 cal/cm2 for thermal (this is the incident fluence; if the surface reflectivity is 50 percent,
then 25 caVcm 2 goes into the material at this range).

0 For blast/shock, we show the effective range for 1, 3, 10 psi, assuming the standard scaling,
see, e.g., Glasstone and Dolan, 1977, p.100 if.

30-

--- X-rays
0 20 Ii

E

20

I I

S.......3 psi Thermal

S50 10 p1 100 150

Altitude (kin)

6-4-22-1m

Figure 2. Selected Effects Radii as a Function of Altitude for a 1 Mt Weapon

* Above about 70 kln, the damage effect of soft X-rays normally predominate.1

The term "fireball" is used--conventionally but inconsistently--to refer to two
distinct concepts:

For altitudes below - 70 km, it is a visually defined volume in which
essentially all the yield of the bomb is deposited. This volume of heated air is
the source of the blast/shock wave and of the thermal radiation from the
weapon.

Above 100 km, the soft X-rays, which carry some 70-75 percent of the total bomb energy, are not
absorbed in distances less than a few hundred kilometers. Thus exoatmospheric nuclear effects are
produced mainly by the absorption of that 20-25 percent of the total yield that is carried by bomb debris
as kinetic energy, which tends to be absorbed in the low-density air and is reradiated in the UV spectral
range.
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The concept of a fireball is still useful for higher altitude bursts (for high
yields, up to 150-200 km), but due to the lower ambient density and thus the
longer mean free path for radiation, these higher altitude fireballs will have less
well-defined edges, and contain a fraction of the total bomb yield that decreases
with increasing altitude.

2.2 PHENOMENOLOGY FOR BURSTS BETWEEN 20 AND 80 kin:
THE "HIGH-ENDOATMOSPHERIC REGIME"

Reference to Figure 1 shows that the atmospheric density falls by a factor of 106

between mean sea level and 100 km. Much of the energy of a bomb is emitted as X-rays:
at altitudes below 70 km they are absorbed within 1-10 lan or less, giving rise to afireball.
At the lower altitudes (below - 40 km for a 1 Mt burst) this fireball is smaller than the local
atmospheric scale height2 H = kT/Mg - 7 kmn and thus rises as a buoyant bubble, entraining
outside air during its rise. At higher altitudes (above - 70 km for a 1 Mt burst) the ambient
density is much lower and there is less entrainment, so that the fireball rises more rapidly,

"ballistically," and overshoots its final stabilization altitude. 3 Note that the upward speed

of the fireball increases greatly with altitude.

An air parcel of radius R is said to rise buoyantly if R << H, and ballistically if
R >> H. Buoyant rise, which occurs at relatively low altitudes, corresponds to relatively

slow, adiabatic rise of the air parcel, which maintains a uniform pressure; ballistic rise,
which takes place at lower densities, is relatively rapid with pressure varying in the parcel.

(See, e.g., Sowle, 1977, pp. 480 ff and 505 ff.)

Table 3 indicates how the scale of phenomena changes with increasing altitude, and

Figures 3 through 6 illustrate disturbed environments for three different modeling regimes

as determined by burst altitude. Note both that the scale of the disturbed region increases

as one goes up in altitude (and down in density) and the phenomenology changes.

Regarding the phenomenology in the different altitude regimes, Figure 3 for a near-

surface burst4 comes from Glasstone, 1964, pp. 89-90. Note that while the fireball does @
not touch the ground (definition of an air burst), yet the afterwinds can sweep up a
relatively small amount of dust.5

2 Which is defined in Eq.(2), Section 1. 0
3 At intermediate altitudes (40-70 km for 1 Mt) the behavior is intermediate between the "buoyant" and

"ballistic" limits.
4 This discussion of the physics is very useful, but some of the numbers are slightly inconsistent with

current models.
5 Cf. Figure 7b below; for both of these examples, the SHOB ("scaled height of burst") is 56.500 ft/M14/3.
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Table 3. How the Scale of a Nuclear Detonation Changes with Altitude

Ahtitude Regime Near-Surface Low Intermediate High

Altitude (kin) 2 30 70 150

Ambient density (kg/m 3 ) 1.0 1.8 x 10-2 8.8 x 10-5 1.8 x 10-9

Gas-kinetic mean free path (m) 8.1 x 10- 8  4.4 x 10-6 9.3 x 10-4 41

* Fireball size (km, for a 100 kt weapon)

at t = I sec 0.4 1.5 5 -50
at t = 30 sec 0.75 3 30 -200

See Figure: 4 5 6 7

* 20 XILTOI A•im U T-- 3 SECON
I MEGATON AIX BURST-11 S1CONDS

NUCLEAR AND TZERMAL RADIATI'O
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RREFLECTED 
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WAVE 

FRONT

MACH FRONT
OVERPRZSUURE 6 PSI

WDID VELOCITY 1110 MPHlm

*20 cr 'M 0 0.2 0.4 0:. 0:. 1. L2 1.4 i.e

30 ET TOTAL THZRMIAL RADIATION
CAL/SQ CM

20 XII&TON AIR BURJT--10 SECOND$
I MEGATON AmR BtRNT- 3I SECONDS
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PRUWLAURT 31ýAI
RA't OF RISE WAVE FRONT
20 X[" L00 upEN•LEAR RADIATION

H NOT GASEOU"
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MKUHRMOOM MMI MACE FRNT-y
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-AFTER WDSWIND VELOCTYT 40 MPH

10W T MILES .... . . . . . .
0 .2 0.4 0.4 e1g 1.0 1.2 1.4 1.9 1.6 2.0 2.2 2.4 2.6

IX MUT ES 4 5 4 7, 'a , ,,,

I VT- TOTAL THERMIAL RADIATION 80 206
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Figure 3. Chronological Development of a Near-Surface Burst
*(20 kt @ 0.5 km, 1 Mt @ 2km)

(Source: Glasstone, 1964)
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The description for the higher altitude bursts and Figures 4 through 6 comes from

J. Jordano (private communication):
0

Fig. 4 shows potential IR emission features from a burst below about
50 km altitude. In this altitude regime, the hot fireball expands to pressure
equilibrium with the ambient air, then rises buoyantly as an underdense
bubble, with the subsequent vortex flow generating a torus (donut) shaped
region. The different features result from different kinds of emission
processes which have different wavelength dependencies, and their relative
importance depends in general on the sensor band. The "plasma" emission
region is one of high ionization and is thus also the primary disturbed region
of interest to RF systems. The debris cloud is the vaporized weapon
material. The molecular aura is a warm shell (1000-2000 K) surrounding
the main fireball where thermoluminescent emissions are dominant. The
"near" and "far" wake are turbulent regions, with mixing of hot fireball air
and ambient cool air, where chemiluminescent emissions 6 are dominant.
The near wake is air that eventually gets swept up into the fireball; the far
wake is air that sweeps across the fireball surface but gets left behind as the
fireball rises.

(Medium Yield /30 km 30 see)

(.Approx. Scale )

Figure 4. Potentially important Emission Features in the Low-
Altitude Regime (Source: J. Jordano, PRI)

6Sufficiently energetic chemical reactions leave some of their product molecules in excited states which
can radiate. If the molecules are formed in electronically excited states, the radiation is mainly in the
visible and UV; this is called chemiluminescence. If they are only vibrationally excited, they radiate in•
the [R..this is called vibralwn.nescence.
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